Tap42/a4, a regulatory subunit of protein phosphatase 2A, is a downstream effector of the target of rapamycin (TOR) protein kinase, which regulates cell growth in coordination with nutrient and environmental conditions in yeast and mammals. In this study, we characterized the functions and phosphatase regulation of plant Tap46. Depletion of Tap46 resulted in growth arrest and acute plant death with morphological markers of programmed cell death. Tap46 interacted with PP2A and PP2A-like phosphatases PP4 and PP6. Tap46 silencing modulated cellular PP2A activities in a time-dependent fashion similar to TOR silencing. Immunoprecipitated full-length and deletion forms of Arabidopsis thaliana TOR phosphorylated recombinant Tap46 protein in vitro, supporting a functional link between Tap46 and TOR. Tap46 depletion reproduced the signature phenotypes of TOR inactivation, such as dramatic repression of global translation and activation of autophagy and nitrogen mobilization, indicating that Tap46 may act as a positive effector of TOR signaling in controlling those processes. Additionally, Tap46 silencing in tobacco (Nicotiana tabacum) BY-2 cells caused chromatin bridge formation at anaphase, indicating its role in sister chromatid segregation. These findings suggest that Tap46, in conjunction with associated phosphatases, plays an essential role in plant growth and development as a component of the TOR signaling pathway.
INTRODUCTION
Target of Rapamycin (TOR) is a highly conserved Ser/Thr kinase belonging to the family of phosphatidylinositol kinase-related kinases, which was discovered in a study of mutations in budding yeast (Saccharomyces cerevisiae) that confer resistance to growth inhibition by rapamycin (Heitman et al., 1991) . Rapamycin has been an invaluable tool to study pathways downstream from the TOR complex in yeast and mammals because rapamycin rapidly and specifically inactivates TOR. The TOR signaling pathway regulates cell growth and metabolism in response to growth factors, nutrients, energy, and environmental conditions in yeast and mammals (Hay and Sonenberg, 2004; Wullschleger et al., 2006) . In yeast cells growing under favorable conditions, TOR is active and upregulates protein synthesis, transcription, ribosome biogenesis, and nutrient transport. However, rapamycin treatment or nutrient starvation inactivates TOR, resulting in repression of protein translation and activation of autophagy and stress responses (Jacinto and Hall, 2003) . Genetic studies in yeast indicated the presence of rapamycin-sensitive and rapamycin-insensitive TOR complexes, which were subsequently purified as TORC1 and TORC2, respectively, and found to contain conserved and distinct protein components (Smets et al., 2010) . Rapamycin-insensitive TORC2 regulates cell cycle-dependent polarization of the actin cytoskeleton in yeast (Smets et al., 2010) . Many of these rapamycin-sensitive and -insensitive TOR functions are conserved in mammals (Jacinto and Hall, 2003; Wullschleger et al., 2006) . In higher plants, however, the TOR complex is not inhibited by rapamycin (Soulard et al., 2009 ).
PP2A is a major Ser/Thr protein phosphatase that regulates many cellular processes, including transcription, translation, cell cycle regulation, metabolism, and apoptosis, in most cells (Janssens and Goris, 2001; Farkas et al., 2007) . PP2A consists of multiple subunits, including the catalytic C subunit, the scaffolding A subunit, and the regulatory B subunit (B, B9, and B0). The substrate specificity and subcellular localization of PP2A are provided by the variable B subunits (Janssens and Goris, 2001; Farkas et al., 2007) . Yeast Tap42 (type 2A-phosphatase-associated protein 42 kD) was identified as a novel regulatory subunit of PP2A and PP2A-related phosphatases PP4 and PP6, which acts by direct association with their catalytic subunits to make a heterodimer (Dü vel and Broach, 2004) . In yeast, Tap42 and Sch9 (an AGC family kinase) are two direct effectors of yeast TOR complex (TORC1) (Huber et al., 2009 ). Tap42-regulated phosphatase activities constitute a major mechanism for the downstream regulation of TOR effectors (Dü vel and Broach, 2004) . Under nutrient-rich conditions, active TOR phosphorylates Tap42 and promotes association of Tap42 with the PP2A catalytic subunits (PP2Ac). This results in displacement of subunits A and B from PP2Ac due to an overlap in the binding sites on PP2Ac and inhibition of PP2A activity toward downstream effectors of TOR, including GLN3 transcription factor and NPR1 Ser/Thr kinase (Zabrocki et al., 2002; Dü vel and Broach, 2004) . By contrast, inactivation of TOR signaling by rapamycin or nutrient depletion causes dephosphorylation of Tap42 and dissociation of the Tap42-PP2Ac complex. These results suggest that TOR regulates protein phosphorylation in yeast cells by indirectly restraining the PP2A activity through Tap42 phosphorylation. Sch9 is directly phosphorylated by TORC, and phosphorylation is required for its catalytic activity (Urban et al., 2007) . Recent analyses of the rapamycin-sensitive phosphoproteomes suggest that Sch9 regulates RNA polymerases I and III, translation initiation, and the expression of ribosomal protein and ribosome biogenesis genes (Huber et al., 2009) .
a4, the mammalian homolog of Tap42, was initially identified in association with the receptor signaling complexes in B and T lymphocytes (Inui et al., 1995) . Like Tap42, a4 associates with the catalytic subunits of PP2A, PP4 and PP6, independent of the A and B subunits (Chen et al., 1998) . In mice, a4 regulates dephosphorylation of the transcription factors c-jun and p53, and a4 deletion rapidly initiated apoptosis in proliferating as well as in differentiated cells, while rapamycin itself is not as toxic to adult cells (Kong et al., 2004) . In Drosophila melanogaster, loss of Tap42 function causes a preanaphase mitotic arrest due to spindle disorganization, which is followed by increased JNK signaling, caspase activation, and apoptosis (Cygnar et al., 2005) . In Caenorhabditis elegans, inactivation of a4 does not reproduce TOR deficiency phenotypes, such as developmental arrest, gonadal degeneration, and intestinal atrophy, but mainly leads to a fertility defect in the F1 generation (Long et al., 2002) . Taken together, these results suggest that the yeast Tap42/TOR paradigm may not be completely conserved in higher eukaryotes.
Tap42/a4 homologs are present in plant genomes. The Arabidopsis thaliana homolog of Tap42/a4, designated TAP46, was identified through its interaction with PP2A catalytic subunits in yeast two-hybrid systems and immunoprecipitation (Harris et al., 1999) . The TAP46 gene is induced by chilling but not by heat or hypoxia, indicating its possible involvement in the plant's chilling response (Harris et al., 1999) ; however, the physiological functions of Tap46 in plants remain unclear. In this study, we investigated the in vivo functions of Tap46 in relation to TOR in Nicotiana benthamiana, Arabidopsis, and tobacco (Nicotiana tabacum) BY-2 cells. Our results suggest that Tap46 plays an essential role in the regulation of plant cell growth and metabolism through a functional link with TOR.
RESULTS

Identification of N. benthamiana Tap46
To investigate the functions of the TOR signaling pathway in plant growth and to identify its components, we examined knockdown phenotypes of TOR-related gene candidates using virusinduced gene silencing (VIGS) in N. benthamiana. Although most of the tested genes produced mild phenotypes after knockdown, VIGS of a N. benthamiana homolog of Arabidopsis Tap46, designated Nb Tap46, resulted in a severe phenotype of growth arrest and rapid cell death. The Nb Tap46 protein belongs to the Tap42 family of regulatory subunits of PP2A-related phosphatases, which includes mammalian a4, yeast Tap42, Drosophila Tap42, and Arabidopsis Tap46. Tap46 is a single gene in Arabidopsis. The full-length Nb Tap46 cDNA encodes a 403-amino acid polypeptide with a molecular mass of 45,535,281 D (see Supplemental Figure 1 online). Previously, the structure of Tap42/a4 revealed an entirely a-helical protein with striking similarity to 14-3-3 and tetratricopeptide repeat proteins that function as adaptors and scaffolds (Yang et al., 2007) . It has been proposed that Tap42/a4 interacts with PP2Ac via its N-terminal a-helical domain and binds to PP2A substrates via its C-terminal unstructured region (Yang et al., 2007) . Sequence alignment of Nb Tap46 and its homologs from human (a4), yeast (Tap42), Arabidopsis (Tap46), and rice (Oryza sativa; Os Tap46) indicates conserved amino acid residues among the proteins (see Supplemental Figure 1 online).
VIGS and RNA Interference of Nb Tap46
The physiological functions of Nb Tap46 were analyzed using VIGS in N. benthamiana. We cloned four different fragments of Nb Tap46 cDNA into the tobacco rattle virus (TRV)-based VIGS vector pTV00 and infiltrated N. benthamiana plants with Agrobacterium tumefaciens containing each plasmid. TRV:Nb-Tap46 (F), TRV:Nb-Tap46(N), TRV:Nb-Tap46(C), and TRV:Nb-Tap46 (UTR) contain the 1209-bp full-length coding region, 480-bp N-terminal region, 720-bp C-terminal region, and 270-bp 39-untranslated region (UTR) region of the cDNA, respectively ( Figure 1A ). VIGS with all of the TRV:Nb-Tap46 constructs resulted in severe growth retardation and formation of spontaneous disease-like necrotic lesions in newly emerged leaves (Figure 1B, a to g). Necrotic lesions started to form in the lamina and along the midvein of leaves at ;15 d after infiltration (DAI). At 17 to 18 DAI, the shoot apex showed visible cell death symptoms without further stem growth or leaf formation (cf. Figures 1B, c to e, with control in 1B, b). The lesions spread to older leaves, leading to premature death of the plants ( Figure 1B, f and g ). The effect of gene silencing on the level of Nb Tap46 mRNA was examined using real-time quantitative . RT-PCR with the primers from the C-terminal region of Nb Tap46 cDNA detected significantly reduced levels of the endogenous Nb Tap46 mRNA in the TRV:Nb-Tap46(N) compared with the TRV control ( Figure 1C) . Similarly, the primers from the N-terminal region of Nb Tap46 cDNA revealed lower levels of the endogenous Nb Tap46 transcripts in the TRV:Nb-Tap46(C) (Figure 1D ). Nb Tap46 silencing in the TRV:Tap46(UTR) line was shown by RT-PCR, with actin mRNA serving as a control (see Supplemental Figure 2 online).
In addition, to explore the function of Tap46 in tobacco BY-2 cells, we transformed BY-2 cells with a dexamethasone (DEX)-inducible Nb Tap46 RNA interference (RNAi) construct containing an inverted repeat of a 600-bp N-terminal coding region of Nb Tap46. Real-time quantitative RT-PCR analyses demonstrated that DEX treatment (15 mM) significantly reduced Nb Tap46 transcript levels in actively growing Nb Tap46 RNAi BY-2 cells (see Supplemental Figure 3 online).
Analysis of Programmed Cell Death
We characterized programmed cell death (PCD) phenotypes in the Nb Tap46 VIGS N. benthamiana plants and Nb Tap46 RNAi Figure 5A online). In TRV leaves at 9, 13, and 20 DAI, almost all nuclei had a ploidy level of 2C, consistent with previous reports in N. tabacum and N. benthamiana (Kosugi and Ohashi, 2003; Park et al., 2005) . TRV:Nb-Tap46(N) leaf cells also exhibited normal DNA content at 9 and 13 DAI, but at 20 DAI, induction of apoptotic cells with fractional (sub-G1) DNA content was evident in both leaves and stems (Figure 2A ; see Supplemental Figure 4 online). Leaf cells from TRV:Nb-Tap46(C) and TRV:Nb-Tap46(UTR) lines also exhibited apoptotic nuclei in flow cytometry at 20 DAI (see Supplemental Figure 5A online). In addition, we observed a high rate of nuclear fragmentation, one of the hallmark features of PCD, in the DEX-inducible Nb Tap46 RNAi BY-2 cells, supporting the idea that Nb Tap46 deficiency activates a PCD pathway ( Figure 2B ). It has been shown that PCD and hypersensitive response (HR) are often preceded by a transient burst of reactive oxygen species (ROS) (Mur et al., 2008) . To visualize production of H 2 O 2 , leaf protoplasts from TRV, TRV:Nb-Tap46(N), TRV:Nb-Tap46(C), and TRV:Nb-Tap46 (UTR) N. benthamiana plants (17 DAI) were incubated with H 2 DCFDA, which is activated to give a green fluorescent signal in the presence of H 2 O 2 ( Figure 2C ; see Supplemental Figure 5B online). Accumulation of fluorescent H 2 DCFDA in the TRV:NbTap46 protoplasts was 4-to 6-fold higher than in TRV controls, indicating high H 2 O 2 accumulation ( Figure 2C ; see Supplemental
Figure 5B online). During apoptosis in animal cells, activation of the cell death pathway is initiated by modification of mitochondrial membrane permeability; therefore, we monitored the mitochondrial membrane potential of leaf protoplasts isolated from TRV, TRV:Nb-Tap46(N), TRV:Nb-Tap46(C), and TRV:Nb-Tap46 (UTR) lines (17 DAI) using tetramethylrhodamine methyl ester (TMRM) fluorescent probes ( Figure 2D ; see Supplemental Figure  5C online). TMRM is a lipophilic cationic dye that accumulates in mitochondria in proportion to the mitochondrial membrane potential. The average TMRM fluorescence of TRV:Nb-Tap46 protoplasts was significantly lower than that of the TRV control, indicating reduced mitochondrial membrane potential ( Figure  2E ; see Supplemental Figure 5C online). The chlorophyll autofluorescence was also reduced in TRV:Nb-Tap46(N) protoplasts at 17 DAI, possibly due to chloroplast degeneration ( Figure 2F ).
Expression of the Defense Genes and Analyses of SA Dependency of the PCD Phenotype
We next examined whether Nb Tap46-mediated PCD induces expression of defense-related genes using RT-PCR ( Figure 2G ). It has been shown that the PR1a, PR1b, PR1c, PR2, PR4, PR5, SAR8.2a, HSR203J, HIN1, and 630 genes are strongly induced during HR cell death (Heath, 2000) and that NTCP-23 (Cys protease) and p69d (Ser protease) are involved in pathogeninduced cell death (Beers et al., 2000) . Among these genes, (A) Schematic drawing of Nb Tap46 structure showing the four VIGS constructs (F, N, C, and UTR) containing different Nb Tap46 cDNA fragments (indicated by bars). aa, amino acids. (B) Growth arrest and cell death phenotypes of Nb Tap46 VIGS plants and the phenotype of control TRV at 17 DAI (a to e). The Nb Tap46 VIGS plants perished before 30 DAI (f and g). (C) Real-time quantitative RT-PCR analysis of Nb Tap46 transcript levels in TRV:Nb-Tap46(N) lines using Nb Tap46-C2 primers. The b-tubulin mRNA level was included as a control. Data points represent mean 6 SD of three replicates using multiple VIGS plants. (D) Real-time quantitative RT-PCR analysis of Nb Tap46 transcript levels in TRV:Nb-Tap46(C) lines using Nb Tap46-N2 primers. Data points represent mean 6 SD of three replicates using multiple VIGS plants. (A) Nuclear DNA fragmentation was examined by flow cytometry in leaf and stem cells of TRV:Nb-Tap46(N) lines at 20 DAI. Nuclei isolated from the fourth leaf above the infiltrated leaf or from stems near the shoot apex were stained with propidium iodide and analyzed by flow cytometry. TRV control plants were analyzed as a control. Brackets and "A" mark apoptotic nuclei with fractional (sub-G1) DNA contents. (B) Nuclear fragmentation in DEX-inducible Nb Tap46 RNAi BY-2 cells. BY-2 cells in interphase were stained with anti-a-tubulin antibodies (green) and DAPI (blue) after 7 d of ethanol (ÀDEX) or DEX treatment (+DEX) and examined by confocal laser scanning microscopy. Bars = 10 mm. (C) Excessive production of ROS. Leaf protoplasts from TRV and TRV:Nb-Tap46(N) (17 DAI) were incubated with the ROS indicator H 2 DCFDA (2 mM) and observed under confocal microscopy (left). Relative H 2 DCFDA fluorescence of protoplasts from TRV, TRV:Nb-Tap46(N), TRV:Nb-Tap46(C), and TRV:Nb-Tap46(UTR) VIGS lines was quantified by confocal microscopy (right). Data points represent means 6 SD of 30 individual protoplasts. Bars = 50 mm. (D) to (F) Mitochondrial membrane integrity. Leaf protoplasts from VIGS lines (17 DAI) were observed after staining with TMRM (200 nM) (D). TMRM fluorescence (E) and chlorophyll autofluorescence (F) were quantified. Data points represent means 6 SD of 30 individual protoplasts. (G) RT-PCR analysis of transcript levels of cell death and defense-related genes. Total RNA was extracted from the fourth leaf above the infiltrated leaves of TRV and TRV:Nb-Tap46(N) lines (17 DAI). As controls, mRNA levels of actin and three tobacco homeobox genes (NTH15, NTH20, and NTH23) involved in cell growth were also examined. PR1a, PR1c, PR2, PR5, HIN1, SAR8.2a, , and p69d were transcriptionally induced in the TRV:Nb-Tap46(N) plants (17 DAI). Expression of N. benthamiana SGT1, RAR1, and SKP1, signaling genes in plant defense (Azevedo et al., 2002) , was also induced, whereas expression of NTH15, NTH20, and NTH23, tobacco homeobox genes involved in cell growth (Nishimura et al., 2000) , was downregulated ( Figure 2G ). As a control, actin expression remained constant. Thus, Nb Tap46-mediated PCD promotes expression of many of the PR genes induced during HR cell death, indicating that some features of HR cell death are conserved in the Nb Tap46-mediated PCD program.
Because salicylic acid (SA) plays a critical role in HR cell death, we determined whether the observed PCD in the Nb Tap46 VIGS lines is dependent on endogenous SA biosynthesis by performing Nb Tap46 VIGS in NahG-overexpressing (NahG-OE) N. benthamiana plants (see Supplemental Figures 6 and 7 online). NahG encodes an SA hydroxylase, of which overexpression depletes endogenous SA (Friedrich et al., 1995; Yoshimoto et al., 2009) . Nb Tap46 VIGS resulted in similar phenotypes of growth arrest and cell death in both wild-type and NahG-OE backgrounds. However, the onset of cell death was delayed for 3 to 4 d in the NahG-OE background, eventually resulting in plant death within 40 DAI (see Supplemental Figure 6 online). Patterns of ROS accumulation and autophagy induction in the Nb Tap46 VIGS plants in the NahG-OE background were also similar to those in the wild-type background (see Supplemental Figure 7 online). These results suggest that endogenous SA accumulation plays a minor role in the cell death activation caused by Nb Tap46 dysfunction.
Induction of PCD in DEX-Inducible Tap46 RNAi Arabidopsis Plants
To observe the cellular effects of Tap46 downregulation in Arabidopsis, we generated transgenic Arabidopsis plants carrying a Tap46 RNAi construct containing an inverted repeat of a 623-bp N-terminal coding region under the control of a DEXinducible transcription system ( Figure 3A ). The effect of RNAi on the Tap46 mRNA levels in seedlings of two independent RNAi lines (#12 and #16) was determined by real-time quantitative RT-PCR ( Figure 3B ). RNAi was induced by growing seedlings for 2 weeks in Murashige and Skoog (MS) media and then transferring them to new MS media containing ethanol (2DEX) or 10 mM DEX (+DEX) followed by further incubation. At 3 and 7 d after transfer, (+)DEX seedlings of RNAi (#12) and RNAi (#16) lines exhibited significantly reduced Tap46 transcript levels compared with (2)DEX samples, with more severe reduction at 7 d after transfer ( Figure 3B ). The Tap46 transcript levels in wild-type Arabidopsis plants remained unchanged by DEX treatment ( Figure 3B ).
In the RNAi lines, small necrotic lesions started to form spontaneously in leaves, frequently along the leaf vasculature, at ;7 d of DEX treatment (DOD), leading to necrosis of the whole plant ( Figure 3A ). Since lesions developed in Tap46 RNAi seedlings grown under sterile conditions, an exogenous biotic trigger apparently was not required for lesion formation. To examine DNA fragmentation as a PCD marker in the epidermal cells of the RNAi plants, we used the terminal dUTP nick end-labeling (TUNEL) assay, which detects single-and double-strand DNA breaks by addition of fluorescent nucleotides to free 39 DNA termini (Gavrieli et al., 1992) . Confocal microscopy showed strong fluorescent staining in the epidermal nuclei of the Tap46 RNAi plants at 7 DOD, providing evidence of single-or doublestranded DNA breaks in the nuclei ( Figure 3C ). By contrast, TUNEL staining was not detected at 3 DOD. As a control, no fluorescent staining was observed in (2)DEX samples at 7 DOD, unless the plants had been treated with DNase I ( Figure 3C ). We thus conclude that RNAi-induced downregulation of Tap46 induces PCD in Arabidopsis.
We also examined the phenotypes caused by TOR silencing in Arabidopsis and N. benthamiana (see Supplemental Figures 8 to 10 online). Ethanol-induced RNAi of TOR resulted in growth retardation and early onset of senescence but not acute plant death in Arabidopsis (see Supplemental Figure 8 online), as previously described (Deprost et al., 2007) . VIGS of N. benthamiana TOR (Nb TOR) also resulted in growth retardation and mild senescence but not the spontaneous cell death observed after Nb Tap46 In Vivo Interaction of Nb Tap46 with Tobacco PP2A Catalytic Subunits Tap42/a4 directly associates with PP2Ac and the related phosphatases PP4 and PP6 in yeast and mammals. To identify Tap46-associated phosphatases, we first examined Nb Tap46 interaction with tobacco PP2A catalytic subunits (PP2Ac), NPP4 and NPP5, using the yeast two-hybrid assay ( Figure 4A ). Expression of the bait (Nb Tap46) and prey proteins (N. benthamiana protein phosphatases) in yeast was examined by immunoblotting with anti-LexA-BD and anti-HA antibodies, respectively (see Supplemental Figure 11A online). Among the PP2Ac subunits, NPP4 and NPP5 are distantly related, showing 75.8% amino acid identity, and their gene expression profiles in plant organs differ (Suh et al., 1998) . Previous studies showed that VIGS of NPP4 and NPP5 results in activation of plant defense responses and localized cell death in N. benthamiana (He et al., 2004) . Based on b-galactosidase activities, Nb Tap46 interacted with NPP5 more strongly than with NPP4, whereas it did not interact with NPP1, a type 1 protein phosphatase catalytic subunit in tobacco ( Figure 4A ), despite the high expression level of NPP1 in yeast (see Supplemental Figure 11A online). Yeast Pph21 (a PP2Ac) and Sit4 (a PP2Ac-like protein) have been shown to interact with Tap42 via an N-terminal a-helical region that is conserved in all type 2A and 2A-like proteins, and domain mapping experiments indicate that a short region in the N-terminal domain is critical for this interaction (Wang et al., 2003) . Triple substitutions in this short region of Sit4 (L35A E37A E38A) and Pph21 (L99A E102A E103A) virtually abolish the Tap42 binding ability of the proteins, while a single substitution of Sit4 (N40A) and Pph21 (N104A) does not affect binding (Wang et al., 2003) . Comparison of NPP4 and NPP5 sequences with those of yeast and human PP2Ac reveals the N-terminal conserved region ( Figure 4B ). As shown in Figure 4A , expression of a mutant form of NPP5 (mNPP5) containing a triple substitution in this N-terminal region (L44A E46A E47A) decreased the b-galactosidase activity ;6.1-fold, indicating that these residues are important for the interaction with Nb Tap46 (Figures 4A and 4B) . By contrast, expression of a mutant form of NPP4 (mNPP4) with substitution of Trp at the 40th residue of NPP4 with the more conserved Ser (W40S) increased the b-galactosidase activity ;1.7-fold, suggesting that the Trp residue contributed to the relatively weak level of interaction between NPP4 and Nb Tap46 ( Figures 4A and 4B ). These results indicate that the Tap42-interacting residues in yeast PP2Ac are at least partly conserved in plants.
We used bimolecular fluorescence complementation (BiFC) to localize the Nb Tap46-NPP4/5 interaction in a plant cell ( Figure  4C ; see Supplemental Figure 12 online). The pSPYNE and pSPYCE vectors contain yellow fluorescent protein (YFP N ) (1 to 155 amino acids) and YFP C (156 to 239 amino acids), respectively (Walter et al., 2004) . The pSPYNE-Nb-Tap46 construct was agroinfiltrated together with the pSPYCE-NPP1, pSPYCE-NPP4, Figure 4D ). Together, these analyses demonstrated that Nb Tap46 interacts with NPP4 and NPP5 predominantly in the cytosol, although the proteins are localized both in the cytosol and the nucleus.
In Vivo Interaction of Arabidopsis Tap46 with PP2Ac, PP4, and PP6
We next examined in vivo interactions of Arabidopsis Tap46 with Arabidopsis TOPP2 (PP1), PPX1 (PP4), PAPP5 (PP5), FyPP1 (PP6), PP2A-2 (the closest homolog of NPP4), and PP2A-4 (the closest homolog of NPP5) using the yeast two-hybrid system ( Figure 4E ; see Supplemental Figure 13 and Supplemental Data Set 1 online). Expression of the bait (Tap46) and prey proteins (Arabidopsis protein phosphatases) in yeast was examined by immunoblotting with anti-LexA-BD and anti-V5 antibodies, respectively (see Supplemental Figure 11B online). Tap46 more strongly associated with PP2A-4 than with PP2A-2, consistent with results in the N. benthamiana system, while its interaction with PP1 or PP5 was negligible ( Figure 4E ; see Supplemental Figure 11A online). Tap46 also interacted with PP2A-related phosphatases PP4 and PP6, but the affinity of Tap46 for PP4 was ;10-fold higher than its affinity for PP6 ( Figure 4E ). These results suggest that Tap46 interacts with PP2Ac and PP2Ac-related phosphatases with different affinity, similar to the results from yeast and mammalian systems.
To determine the interaction of Arabidopsis Tap46 with Arabidopsis PP2A-4 and PP4 in planta, we performed coimmunoprecipitation assays ( Figure 4F ). HA-fused Tap46 (HA:Tap46) and Flag-fused PP2A-4 (PP2A-4:Flag) or HA:Tap46 and Flag-fused PP4 (PP4:Flag) were coexpressed in N. benthamiana leaves by agroinfiltration. The HA:Tap46 protein was immunoprecipitated from leaf extracts with anti-HA antibodies. Following SDS-PAGE and protein transfer to membranes, immunoblotting was performed with anti-HA antibodies to detect the immunoprecipitated HA:Tap46 and then with anti-Flag antibodies to detect the presence of PP2A-4:Flag and PP4:Flag as coimmunoprecipitants. As shown in Figure 4F , both PP2A-4:Flag (;43 kD) and PP4:Flag (;45 kD) were clearly detected in the immunoprecipitates with HA:Tap46, suggesting interaction of Tap46 with PP2A-4 and PP4 in vivo. As a control, when expressed alone, PP2A-4:Flag and PP4:Flag were not immunoprecipitated with anti-HA antibodies, whereas they were detected by anti-Flag antibodies in 3 or 1% input, respectively ( Figure 4F ).
Tap46 Plays an Important Role in Regulation of Cellular PP2A Activities
The effects of Tap42/a4 binding on phosphatase activity have caused controversy (Saleh et al., 2005; Di Como and Jiang, 2006) . Although it has generally been thought that yeast Tap42 inhibits the phosphatase activities of Sit4 and Pph21/22 in a Tordependent fashion (Jacinto et al., 2001; Dü vel and Broach, 2004) , recent findings of Yan et al. (2006) suggest that Tap42 is a positive regulator of phosphatases in yeast. Furthermore, in vitro and in vivo experiments in mammals to determine the effects of a4 association on phosphatase activities led to contradictory results depending on the substrates used for the analyses (Murata et al., 1997; Nanahoshi et al., 1998; Prickett and Brautigan, 2006; Nien et al., 2007) . Since the in vivo substrates of Tap46-associated phosphatases are unknown, we examined the modulation of total cellular PP2A activities caused by Tap46 depletion in N. benthamiana and Arabidopsis.
Total PP2A activities were measured in leaf protein extracts from wild-type and Tap46 RNAi Arabidopsis plants (lines #12 and #16) after ethanol (2DEX) or DEX (+DEX) treatment for 3 or 7 d (see Supplemental Figures 14A and 14B online). The average PP2A activity increased at 3 DOD but significantly decreased at 7 DOD in both #12 and #16 RNAi lines, compared with that of the (2)DEX plants. This discrepancy led us to examine the timedependent modulation of PP2A activities during DEX treatment for 1 to 6 d ( Figure 5A ). In both #12 and #16 RNAi lines, cellular PP2A activities started to increase at 2 DOD, reached a maximum at 3 DOD, and then decreased to a significantly lower level at 6 DOD, particularly in the #16 RNAi line ( Figure 5A ). Total PP2A activities were also measured in the ethanol-inducible TOR RNAi Arabidopsis plants ( Figure 5B ). The average PP2A activity increased after 3 d but decreased after 7 d of 50 mM ethanol treatment (+ethanol) compared with the activity in (2)ethanol plants ( Figure 5B ). Interestingly, this time-dependent modulation pattern of cellular PP2A activities in the TOR RNAi line was similar to that of the Tap46 RNAi lines (Figure 5A ), indicating the functional relationship between TOR and Tap46.
Next, N. benthamiana leaf protein extracts were prepared from TRV, TRV:NPP5(UTR), TRV:Nb-Tap46(N), and TRV:Nb-TOR VIGS plants (10 DAI), and the PP2A-specific activity was determined ( Figure 5C ). VIGS with two different NPP5 cDNA constructs both resulted in growth retardation and formation of necrotic lesions due to gene silencing (see Supplemental Figure  15A online). Previous studies showed that VIGS of NPP5 results in localized cell death and activation of plant defense mechanisms in N. benthamiana, accompanied by significant reduction in total Ser/Thr phosphatase activities (He et al., 2004) . The total PP2A activity in TRV:NPP5(UTR), TRV:Nb-Tap46(N), and TRV:
Nb-TOR leaves was ;1.5-, 3.1-, and 1.8-fold lower, respectively, than that of the TRV control ( Figure 5C ). TRV:Nb-Tap46(C) and TRV:Nb-Tap46(UTR) lines also exhibited an ;3-fold reduction in total PP2A activity at 10 DAI (see Supplemental Figure 5D online). These results demonstrate that Tap46 and TOR modulate global PP2A activities in a plant cell and that prolonged Tap46 or TOR deficiency leads to a significant reduction in total PP2A activities.
We next examined whether downregulation of Tap46 or TOR affects the transcript levels or protein levels of PP2A catalytic subunits (PP2Ac). Transcript levels of NPP4 and NPP5 did not change after Nb TOR or Nb Tap46 VIGS at 10 DAI (see Supplemental Figure 14C online). Similarly, transcript levels of PP2A-2 and PP2A-4 remained constant in the Tap46 RNAi Arabidopsis plants (lines #12 and #16) after 3 DOD (see Supplemental Figure 14D online). Immunoblot analyses with antiPP2Ac antibodies demonstrated that PP2Ac protein levels stayed constant after 3 and 7 d of DEX treatment in the Tap46 RNAi lines and after 7 d of ethanol treatment in the TOR RNAi lines relative to the wild-type levels ( Figure 5D ). These results suggest that Tap46 silencing modulated cellular PP2A activities without significantly changing the total protein amounts of PP2A catalytic subunits.
TOR Kinase Phosphorylates Tap46 in Vitro
Since Tap42 is a direct target of phosphorylation by TOR protein kinase in yeast, we examined whether Arabidopsis Tap46 is phosphorylated by full-length and deletion forms of Arabidopsis TOR. Flag-tagged full-length TOR (TOR:Flag) was expressed in human embryonic kidney (HEK) 293 cells because the full-length TOR protein could not be expressed in plants to a sufficient level ( Figures 6A and 6B) . Then, TOR:Flag was immunoprecipitated from the transfected cells using anti-Flag antibodies. As a control, immunoprecipitation was performed using the same antibodies after transfection with the vector control. The immunoprecipitated TOR:Flag and the control immunoprecipitates were mixed with purified Tap46:His, a fusion protein between full-length Tap46 and His tag, in a kinase assay with [g-32 P]ATP and Mg 2+ as a cofactor ( Figure 6B ). Autoradiography revealed a protein band at the position of the Coomassie blue-stained Tap46 protein in the TOR:Flag lane, indicating that Tap46 is phosphorylated by full-length TOR kinase in vitro.
We next examined whether TOR deletion forms, TOR-C and TOR-KD, could phosphorylate Tap46 ( Figures 6A, 6C, and 6D) . The Myc-tagged TOR-C (residues 1553 to 2454), Flag-tagged TOR-KD (residues 2041 to 2454), or the control Myc-tagged phosphatidylinositol 3-kinase (PI3K; At1g60490) was expressed in N. benthamiana leaves by agroinfiltration. These proteins were immunoprecipitated using anti-Myc or anti-Flag antibodies 3 d after agroinfiltration ( Figure 6C ). After the in vitro kinase assay, Tap46:His was phosphorylated by immunoprecipitated TOR-C: Myc and TOR-KD:Flag, whereas immunoprecipitates of the vector control or of PI3K:Myc resulted in no phosphorylated protein bands ( Figure 6D ). These results indicate that Tap46 may be a direct target of TOR protein kinase in plants.
Reduction of Global Translation Activities
If Tap46 is indeed regulated by TOR, and particularly if Tap46 behaves as a positive effector of TOR signaling pathway, tap46 mutant phenotypes would mimic those of tor mutants. To test this hypothesis, we examined whether Tap46 deficiency results in the major phenotypes of TOR inactivation: repression of global translation, induction of autophagy, and induction of nutrient mobilization (Figures 7 to 9; Hay and Sonenberg, 2004; Wullschleger et al., 2006; Deprost et al., 2007) . We first assessed the effects of Tap46 silencing on global protein translation efficiency in N. benthamiana, tobacco BY-2 cells, and Arabidopsis ( Figure 7) . In ribosome profiling, a high ratio of high molecular mass polysomes to monosomes is diagnostic of efficient translation initiation and elongation in a cell (Deprost et al., 2007) . Extracts were prepared from TRV, TRV:Nb-Tap46(N), and TRV: Nb-TOR leaves and fractionated by sucrose density ultracentrifugation to display polyribosome profiles. Nb Tap46-and Nb TOR-silenced lines both exhibited a significant decrease in polysome accumulation ( Figure 7A ). Reduced abundance of polysomes was previously observed in rapamycin-treated yeast cells and in TOR-silenced Arabidopsis plants (Powers and Walter, 1999; Deprost et al., 2007) .
We next performed ribosome profiling in Nb Tap46 RNAi BY-2 cells after 3 DOD (+DEX) ( Figure 7B ). Ethanol-treated RNAi BY-2 cells (2DEX) were used as a negative control, and ethanol-and puromycin-treated cells (2DEX + puromycin) were used as a positive control because puromycin blocks translation by premature chain termination in both prokaryotic and eukaryotic cells. Polysome accumulation was visibly repressed in the Nb Tap46-silenced cells (+DEX) and the ethanol and puromycintreated cells ( Figure 7B ), consistent with results from the VIGS lines ( Figure 7A) . Furthermore, the profile of radioactive proteins after brief incorporation of 35 S-labeled Met indicates that nascent protein synthesis was repressed in the leaves of the Arabidopsis Tap46 RNAi plants (#16 and #12) at 3 DOD ( Figure  7C ). Taken together, these results suggest that Tap46 deficiency caused a strong reduction in protein synthesis, similar to the consequences of TOR deficiency.
Induction of Autophagy
Autophagy is a catabolic process during which cytoplasm is enclosed in a double-membrane structure (autophagosome) and delivered to the lysosome or vacuole for degradation, thereby recycling macromolecules under nutrient-limiting conditions (Lum et al., 2005; Bassham, 2007) . Inactivation of TOR by rapamycin treatment or nutrient starvation results in activation of autophagy in yeast and mammals (Wullschleger et al., 2006) . Recently, it was reported that Tap42 and PP2A negatively regulate autophagy induction in yeast (Yorimitsu et al., 2009) . In Arabidopsis, RNAi of TOR resulted in constitutive autophagy under nonstressed conditions (Liu and Bassham, 2010) . We examined autophagic activity of Nb Tap46-, Nb TOR-, and NPP5-silenced VIGS plants and TRV control plants at 10 DAI (Figures 8A to 8D ; see Supplemental Figure 2 online). Leaf protoplasts from Nb Tap46(N), Nb TOR, and NPP5(UTR) VIGS plants were stained with LysoTracker Red (LTR) dye as a probe to detect autolysosome-like structures, since the dye labels acidic organelles such as autolysosomes (Liu et al., 2005; Hofius et al., 2009) . Numerous Lysotracker-stained particles were observed in the protoplasts from Nb Tap46-and Nb TOR-silenced plants, while the staining was weaker in the NPP5-silenced protoplasts ( Figures 8A and 8B ). These Lysotracker-stained structures were rarely observed in TRV controls. In addition, leaf protoplasts isolated from TRV, TRV:Nb-Tap46(N), TRV:Nb-TOR, and TRV:NPP5(UTR) lines at 10 DAI were stained with monodansylcadaverine (MDC), a specific in vivo marker for autophagosomes, followed by quantification of MDC autofluorescence (see Supplemental Figure 16 online). Consistent with the result for LTR staining, the Nb Tap46-and Nb TOR-silenced protoplasts exhibited abundant MDC-stained autophagosomelike particles, while MDC fluorescence was weaker in the NPP5-silenced protoplasts. Thus, silencing of Nb Tap46 caused marked accumulation of autophagosome-like structures, similar to Nb TOR silencing.
Next, we monitored autophagy activity by transient expression of a GFP:ATG8e fusion protein ( Figures 8C and 8D ). ATG8 is localized in the autophagosome membranes, where it promotes the formation of autophagosomes and their delivery to the vacuoles for degradation (Ketelaar et al., 2004; Nakatogawa et al., 2007) . The GFP:ATG8e fusion construct was agroinfiltrated into leaves of VIGS plants at 8 DAI. After 2 d, protoplasts were generated from the leaves and examined by confocal microscopy. GFP fluorescence was not detectable in TRV control Tap46 Function in Plantsprotoplasts but was evident as multiple punctuate autophagosome-like structures in Nb Tap46-, Nb TOR-, and NPP5-silenced protoplasts (Figures 8C and 8D ). The protoplasts from Arabidopsis Tap46 RNAi plants (#16) also exhibited abundant Lysotracker-stained particles after 3 DOD (Figures 8E and 8F ). These confocal microscopy observations indicate that autophagy is induced by Nb Tap46 silencing. In addition, transmission electron microscopy revealed many autophagosome-like double-membrane vesicles that contain electron-dense materials in Nb Tap46 VIGS lines at 10 DAI (cf. Figures 8H to 8J with control in 8G).
Repression of Primary Nitrogen Assimilation and Activation of Nitrogen Recycling
Inhibition of TOR activity causes yeast and mammalian cells to enter a starvation state and arrest and activates transcription of genes that enable the cell to cope with adverse nutrient conditions (Dü vel et al., 2003; Wullschleger et al., 2006) . In Arabidopsis plants, induction of TOR RNAi results in growth retardation and premature senescence, accompanied by increased nutrient recycling (Deprost et al., 2007) . We investigated the effects of Tap46 silencing on cellular nitrogen metabolism using Arabidopsis Tap46 RNAi plants (Figure 9 ). Assimilatory nitrate reductase (NR) plays a central role in plant primary metabolism, and its activities and degradation are regulated by posttranslational mechanisms, including phosphorylation/dephosphorylation and binding of 14-3-3 inhibitor proteins (MacKintosh, 1992; Kaiser and Huber, 2001) . Decreased NR activities were detected in the leaves of the Tap46 RNAi Arabidopsis plants (lines #12 and #16) at 3 and 7 DOD ( Figure 9A) . Similarly, NR activities of Nb Tap46 VIGS N. benthamiana plants were lower than those of the TRV control ( Figure 9C ; see Supplemental Figure 5E online). As a control, VIGS of NR2 encoding N. benthamiana NR reduced NR activity in the silenced leaves ( Figure 9C ; see Supplemental Figure 15B online). The constitutive TOR RNAi Arabidopsis plants (under the control of 35S promoter) (Deprost et al., 2007) and the TRV:Nb-TOR N. benthamiana VIGS plants also exhibited reduced NR activities ( Figures 9B and 9C) .
We next examined the expression profiles of genes involved in nitrogen metabolism in the Tap46 RNAi Arabidopsis plants ( Figure 9D ). At 3 DOD, expression of nitrogen assimilatory genes NII1 (nitrite reductase), NIA2 (nitrate reductase-2), GS2 (chloroplast glutamine synthetase), and GOGAT (glutamate synthase) was significantly downregulated, whereas the genes encoding cytosolic glutamine synthetase (GS1) and glutamate Tap46 Function in Plantsdehydrogenase (GDH) were upregulated ( Figure 9D ). GS1 and GDH have been proposed to play a role in ammonium assimilation, particularly in reassimilation of recycled nitrogen released from protein degradation during senescence (Pageau et al., 2006; Bi et al., 2007) . TOR silencing in Arabidopsis causes a 2-to 3-fold increase in glutamine synthetase (GS) and glutamate dehydrogenase (GDH) activities and high accumulation of soluble sugars, both of which are associated with senescence and nutrient mobilization (Deprost et al., 2007) . Interestingly, based on global transcription profiling in Arabidopsis, many primary nitrate assimilatory genes, including NR and nitrite reductase, are significantly downregulated under nitrogen-limiting conditions, whereas GS1 is upregulated (Bi et al., 2007) . We also observed increased accumulation of Gln in the leaf cells of Tap46 RNAi plants at 3 DOD based on amino acid analyses, which is consistent with upregulation of nitrogen recycling genes, such as GS1 and GDH ( Figure 9E ). Gln represented ;45% of the total calculated free amino acid pool in (+)DEX leaves, compared with ;29% in (2)DEX samples ( Figure 9E ). Taken together, these findings indicate that Tap46 deficiency results in repression of nitrogen assimilatory gene expression/enzyme activities and activation of the nitrogen recycling pathway, which mimics cellular responses to nitrogen starvation.
Anaphase Bridge Formation in Mitosis
We observed that Tap46 silencing caused repression of translation and activation of autophagy and nitrogen recycling in Arabidopsis and N. benthamiana (Figures 7 to 9 ). We next monitored the progression of mitosis in the DEX-inducible Nb Tap46 RNAi BY-2 cells by confocal laser scanning microscopy ( Figure 10B ; see Supplemental Figure 17 online). The RNAi cells were treated with DEX for 24 h, and then aphidicolin was added to the cells for synchronization. After 24 h, the cells were washed and transferred to fresh medium containing DEX and then fixed and labeled with 4',6-diamidino-2-phenylindole (DAPI) staining and anti-a-tubulin antibodies. For the (2)DEX control, the cells were treated with ethanol instead of DEX. After release from aphidicolin-mediated cell cycle arrest, chromosome dynamics and segregation was observed in various mitotic stages in (2) DEX and (+)DEX cells ( Figure 10B ). (+)DEX cells showed no visible defects in prophase and metaphase but formed chromatin bridges in later stages, mostly one or two bridges per cell ( Figures 10A and 10B ). Quantification by confocal microscopy revealed chromatin bridge formation in ;12% of the (+)DEX cells in the mitotic phase (n > 300) ( Figure 10D ). These anaphase bridges appeared to resolve during telophase or cytokinesis, but some newly formed daughter cells still exhibited chromatin bridges ( Figures 10B and 10C ). In the unsynchronized Nb Tap46 RNAi cell cultures, the number of mitotic cells significantly increased at 4 DOD, indicating delayed mitotic progression (see Supplemental Figure 17C online), while the cell death phenotype was not observed at 2 DOD (see Supplemental Figures 17A and 17B online). Anaphase bridge formation was observed much less frequently in (2)DEX Nb Tap46 RNAi BY-2 cells (n > 300) ( Figures  10B and 10D ) and in wild-type BY-2 cells (n > 200) with or without DEX treatment (see Supplemental Figure 18 online). We also monitored the progression of mitosis in root tip cells of the wildtype, DEX-inducible Tap46 RNAi, and ethanol-inducible TOR RNAi Arabidopsis plants (see Supplemental Figure 19A online). The seedlings were grown in medium containing DEX or ethanol for 5 d, and their root tip cells were immunostained with anti-atubulin antibodies followed by DAPI staining. The root-tip cells of (+)DEX Tap46 RNAi Arabidopsis plants exhibited chromatin bridge formation in ;6.0% of the mitotic cells at anaphase, telophase, and cytokinesis (n > 100) (see Supplemental Figures 19A and 19B online) , consistent with the results in the Nb Tap46 RNAi BY-2 cells (Figure 10 ). However, anaphase bridges were completely absent in the wild-type, (2)DEX Tap46 RNAi root tip cells, or TOR RNAi root tip cells with or without ethanol treatment. After 5 d of ethanol treatment, the TOR transcript level in the TOR RNAi seedlings was reduced to ;48% of the level of the (2) ethanol samples (see Supplemental Figure 19C online). These results indicate that Tap46 plays a critical role in chromosome segregation during mitosis in plant cells.
DISCUSSION
PP2A is a major Ser/Thr phosphatase in most eukaryotic cells. The PP2A holoenzyme exists as either a core dimer comprising the catalytic subunit (PP2Ac) and the structural subunit A or as a trimer, PP2Ac-A-B, containing the dimer and one of the variable regulatory B subunits (Saleh et al., 2005; Farkas et al., 2007) . In Arabidopsis there are 5, 3, and 17 genes encoding C, A, and B subunits, respectively. This leads to large numbers of possible PP2A dimer or trimer combinations with presumably different substrate specificities, which likely provides a basis for the diverse cellular functions of PP2A. To add to the complexity, Tap42/a4, a regulatory subunit of PP2A and related phosphatases, has been shown to perform critical but different roles in yeast, Drosophila, and mammals. In this study, we characterized multiple functions and phosphatase regulation of Tap46, the plant Tap42/a4 homolog, in diverse plant systems.
Tap46 Interacts with PP2Ac and Modulates Cellular PP2A Activities in Plants
Tap42/a4 binds to PP2A, PP4, and PP6 in yeast and mammals, and the effects of its binding on phosphatase activities have been controversial. In yeast, dephosphorylation of Tap42 and the subsequent release of phosphatases from Tap42 upon TOR inactivation results in increased dephosphorylation of many downstream targets of TOR signaling, indicating that Tap42 functions as a TOR-dependent phosphatase inhibitor (Jacinto et al., 2001; Dü vel and Broach, 2004) . However, recent reports suggest that Tap42 dephosphorylation occurs much more slowly than phosphatase activation, indicating that release of Tap42-phosphatase complexes from TORC1, but not the disassembly of the complexes, correlates with phosphatase activation (Yan et al., 2006; Di Como and Jiang, 2006) . This result supports a role for Tap42 as an activator of phosphatases in yeast. In mammals, the addition of a4 to PP2Ac results in an increase in PP2A activity toward phosphorylated myelin basic protein (Murata et al., 1997) , while the association of Tap42 or a4 with PP2Ac inhibits its phosphatase activity toward phosphorylated 4E-BP1 as a substrate (Nanahoshi et al., 1998) . In addition, transient overexpression of a4 results in a >2.5-fold increase in cellular PP2A activity in COS-1 cells (Nien et al., 2007) , while its overexpression in COS7 cells differentially affects phosphorylation of endogenous phosphoproteins (Prickett and Brautigan, 2006) . With phosphorylated myelin basic protein as a substrate, the a4 d PP2Ac heterodimer demonstrates a 100-fold higher phosphatase activity than a4 d PP6, indicating opposing allosteric effects of a4 on PP2Ac and PP6 (Prickett and Brautigan, 2006) . These results suggest that Tap42/a4 differentially alters the catalytic activity of phosphatases and modifies their substrate specificity, rather than simply acting as a phosphatase inhibitor or as an activator.
Our study shows that in plant cells, Tap46 interacts with PP2Ac, PP4, and PP6 with different affinities, indicating that it can form multiple protein phosphatase complexes with diverse catalytic subunits (Figure 4) . Furthermore, it plays a cardinal role in the regulation of cellular PP2A activities in plants, despite the presence of many other PP2A regulatory subunits ( Figure 5 ). We repeatedly observed that cellular PP2A activities transiently increased in the earlier stages of Tap46 RNAi and then decreased upon prolonged RNAi in Arabidopsis ( Figure 5A ; see Supplemental Figures 14A and 14B online) . This result indicates that Tap46 may play a more prominent role as an activator of PP2Ac than as an inhibitor in the developmental stage, as cellular PP2A activities eventually decreased following VIGS or RNAi of Tap46 in N. benthamiana and Arabidopsis. The transient elevation of PP2A activity in the earlier stages of Tap46 RNAi in Arabidopsis may be caused by a homeostatic response to maintain a certain level of PP2A activity in cells. Alternatively, Tap46 may be an inhibitor of PP2A activity. The reduction of PP2A activity observed in the later stages of Tap46 RNAi or VIGS may be caused by long-term adaptation of the plants to TAP46 deficiency. Interestingly, TOR silencing also resulted in the similar pattern of time-dependent modulation, a transient increase followed by a decrease, of PP2A activities ( Figure 5B ), indicating that TOR effects on PP2A regulation may be mediated by Tap46. Kong et al. (2009) recently suggested that a4 plays a pivotal role in maintaining total PP2A activities by stabilizing PP2A family catalytic subunits. These authors showed that ablation of mammalian a4 causes progressive loss of all PP2A, PP4, and PP6 phosphatase complexes, leading to >70% decline in total PP2A activities in mammals, while ectopic expression of a4 increased the levels of PP2A complexes. They proposed that a4 functions as a scaffold/chaperone protein to protect PP2A family catalytic subunits from proteasomal degradation until they are assembled into a functional phosphatase complex (Kong et al., 2009) . In this study, we did not observe significant changes in the cellular protein levels of PP2A catalytic subunits (PP2Ac) or transcript levels of diverse PP2Ac genes upon Tap46 RNAi ( Figure 5D ). Thus, in contrast with the results obtained on a4 by Kong et al. (2009) , Tap46 deficiency did not significantly affect PP2Ac protein or mRNA levels in plants while dramatically modulating the total cellular PP2A activities. However, the long-term contribution of Tap46 activity in the control of biogenesis and assembly of PP2A complexes has not been investigated.
Tap46 Regulates Plant Cell Growth and Survival
Our results demonstrate that Tap46 function is essential for plant cell growth and survival. Depletion of Tap46 using VIGS or inducible RNAi rapidly activated PCD in N. benthamiana and Arabidopsis plants. We have shown that the PCD activation caused by Tap46 depletion is largely independent of endogenous biosynthesis of SA (see Supplemental Figures 6 and 7 online). Similar to the Tap46 phenotypes, loss of Tap42/a4 function in Drosophila and mice induces apoptosis (Kong et al., 2004; Cygnar et al., 2005) . Considering that Tap46 is only one of many PP2A regulatory subunits in a plant cell (Farkas et al., 2007) , it is intriguing that its deficiency leads to the demise of the cell. Tap46 depletion may alter the phosphorylation state of critical, as yet unidentified, proapoptotic factors leading to their activation and induction of PCD. In murine cells, the p53 and c-jun prodeath transcription factors are hyperphosphorylated in the absence of a4, leading to transcription of multiple proapoptotic genes, although it is not known whether p53 and c-jun are direct substrates of a4-associated phosphatases (Kong et al., 2004) . A severe reduction in PP2A-related phosphatase activity in a Tap46-depleted plant cell may result in persistent stress signaling in the cell due to inappropriate modulation of phosphorylation, leading to activation of PCD.
TOR is essential for embryo development in metazoans, but rapamycin-sensitive TOR function seems to be less important in later development based on the mild effects of rapamycin in adult stages (Tee and Blenis, 2005; Wullschleger et al., 2006) . Thus, it has been proposed that TOR signaling plays a different role in different stages: During early development, TOR mainly controls growth, while during adulthood TOR controls nutrient-related physiology and aging (Tee and Blenis, 2005; Wullschleger et al., 2006) . In Arabidopsis, tor null mutants show embryonic lethal phenotypes (Menand et al., 2002) . By contrast, TOR-silenced Arabidopsis RNAi and N. benthamiana VIGS plants could survive and reproduce, although they grew slowly and senesced prematurely (see Supplemental Figures 8 and 9 online; Deprost et al., 2007) . Recently, a macromolecular protein complex consisting of mammalian TOR (mTOR), a4, PP2Ac, and Signal Transducer and Activator of Transcription-1 (STAT1) was identified in mammals (Fielhaber et al., 2009 ). STAT1 is a key modulator of apoptotic and nonapoptotic cell death in mammalian cells, and STAT1-dependent regulation of cell death largely depends on the transcriptional activation of death-promoting genes (Kim and Lee, 2007) . Inactivation of mTOR by rapamycin increased STAT1 nuclear content and induced transcription of early and late STAT1-dependent apoptotic genes in an a4/ PP2Ac-dependent manner (Fielhaber et al., 2009) . These results suggest a mechanism by which TOR controls the induction of stress transcriptional responses in higher eukaryotes. In this study, the phenotypic discrepancy between TOR-and Tap46-silenced plants regarding acute plant death may have arisen from the differences in plant tolerance to TOR and Tap46 deficiency; the threshold level of Tap46 proteins required to maintain normal cell physiology may be higher than that of TOR kinases. Alternatively, Tap46 may have TOR-independent functions, abrogation of which causes acute PCD activation. But there is a possibility that Tap46 may protect a cell from PCD under TOR-inactive conditions, thus reducing the phenotypic severity of TOR deficiency. Although the underlying mechanisms of PCD activation remain to be revealed, our data indicate that Tap46 has a strong antiapoptotic activity in plants, consistent with findings in other higher eukaryotes.
Tap46 Deficiency Results in Mitotic Defects in Tobacco BY-2 Cells
RNAi inhibition of Tap46 in mitotic BY-2 cells resulted in a high number of chromatin bridges in anaphase at 48 h after RNAi induction, suggesting that Tap46 is involved in the regulation of mitotic progression in plant cells (Figure 10 ). Some mitotic root tip cells of the Tap46 RNAi Arabidopsis plants also exhibited anaphase bridge formation upon RNAi induction (see Supplemental Figure 19 online). The organization of mitotic microtubules and congression of chromosomes at the metaphase plate appeared to be normal in the Tap46 RNAi BY-2 cells, indicating that the functional aspects of spindle apparatus are mainly intact. Loss of Tap42 function in Drosophila causes spindle disorganization and pre-anaphase arrest followed by apoptosis (Cygnar et al., 2005) . In addition, a4 has been implicated in the regulation of active transport of MID1 ubiquitin ligase along the microtubules through direct interaction with and dephosphorylation of MID1, mutation of which is responsible for Opitz BBB/G syndrome (Aranda -Orgillé s et al., 2008) . Interestingly, anaphase bridge formation was observed in a PP2A mutant: Drosophila twins/tws/aar mutants with a defective regulatory subunit of PP2A (B subtype) exhibit an increased number of lagging chromosomes and chromatin bridges in anaphase (Mayer-Jaekel et al., 1993; Chen et al., 2007) . Recent evidence indicates that PP2A regulates kinetochore function, sister chromatid cohesion, spindle bipolarity, and progression into anaphase in yeast and mammals, revealing truly dynamic functions of PP2A during mitosis (Kitajima et al., 2006; Chen et al., 2007; Schlaitz et al., 2007) . Future studies will address interacting partners and dynamic relocation of Tap46 during the cell cycle and the molecular mechanism of anaphase bridge formation.
Functions of Tap46 in the TOR Signaling Pathway in Plants
In yeast, Tap42 is phosphorylated by TOR kinase in a rapamycinsensitive manner, and this phosphorylation correlates with (A) TOR signaling in yeast. There are two functionally distinct TOR complexes in yeast, TORC1 and TORC2. TOR complex 1 (TORC1) contains KOG1, TCO89, LST8, and either TOR1 or TOR2. TORC1 mediates rapamycin-sensitive TOR functions that lead to activation of translation, inhibition of transcription of starvation-responsive genes, and inhibition of protein turnover. Tap42 and Sch9 (an AGC family kinase) are important direct effectors of TORC1. Tap42 interacts with PP2Ac and PP2Ac-like phosphatase subunits and regulates the activity of downstream effectors, such as NPR1, GCN2, and GLN3, for the control of permease turnover, translation, and transcription of starvation-responsive genes, respectively. Sch9 regulates the activity of RNA polymerases I and III to affect ribosome biogenesis among many other functions. TOR complex 2 (TORC2) consists of TOR2, LST8, AVO1, AVO2, and AVO3. TORC2 is insensitive to rapamycin and mediates actin cytoskeleton organization. AVO, adheres voraciously to TOR2; GCN2, general control nonderepressible 2; GLN3, glutamine metabolism 3; KOG1, kontroller of growth 1; LST8, lethal with sec thirteen protein 8; NPR1, nitrogen permease reactivator 1; TCO89, TOR complex one 89. (B) mTOR signaling in mammals. Growth factors and nutrients activate, while stress inactivates, the mammailan TOR complex 1 (mTORC1) that consists of mTOR, Raptor, and mLST8. a4 is the Tap42 homolog in mammals and interacts with PP2Ac and PP2Ac-like subunits. mTORC1 controls cell growth and protein synthesis through the action of S6K (translation activator) and 4E-BP (translation inhibitor). Phosphorylation of S6K and 4E-BP promotes translation via RPS6 and eIF4E, respectively. The a4-PP2Ac complex may control the activity of the effectors S6K and 4E-BP. The a4-PP2Ac is also involved in the repression of apoptosis. The mTORC2 complex that is insensitive to rapamycin consists of mTOR, Rictor, mLST8, and mSin1 and mediates actin cytoskeleton organization. 4E-BP, eukaryotic initiation factor 4E binding protein; eIF4E, eukaryotic initiation factor 4E; mSin1, stress-activated map kinase-interacting protein 1; Raptor, regulatory associated protein of mTOR (KOG1 homolog); Rictor, rapamycin-insensitive companion of mTOR; RPS6, ribosomal protein S6; S6K, ribosomal S6 protein kinase. (C) TOR signaling in plants. The plant TOR complex regulates plant growth, translation, and metabolism in response to growth signals, nutrients, and environmental conditions. The plant TOR complex may consist of TOR, Raptor, and LST8. The TOR complex promotes cell growth and translation through the regulation of S6K and its substrate RPS6. Our results suggest that Tap46 and its associated PP2Ac and PP2Ac-like subunits play a critical role in mediating TOR signaling, leading to the promotion of protein translation and the repression of autophagy, nutrient recycling, and PCD/senescence. It is not known whether TORC2 is present in plants.
Tap42 association with PP2Ac and PP2Ac-like phosphatases (Jiang and Broach, 1999; Yan et al., 2006) . Under normal conditions, Tap42-phosphatase complexes associate with TOR complex 1, and rapamycin or nutrient deprivation abrogates this association and releases the Tap42-phosphatase complexes into the cytosol. Interaction of Tap42 with PP2A or PP2A-like phosphatases modulates the activity of downstream effectors, such as NPR1, GCN2, and GLN3, for the control of permease turnover, translation, and transcription of starvationresponsive genes ( Figure 11A ; Smets et al., 2010) . In mammals, growth factors and nutrients activate the mammalian TOR complex 1 (mTORC1), which promotes cell growth and protein synthesis through the regulation of S6K and 4E-BP either directly or indirectly by inhibition of PP2A ( Figure 11B ; Jacinto and Hall, 2003) . a4, a regulatory subunit of PP2A and PP2A-like phosphatases, is thought to be involved in these processes (Nanahoshi et al., 1998; Nien et al., 2007) . The a4-PP2A complex also plays a critical role in the repression of apoptosis (Kong et al., 2004; Fielhaber et al., 2009) . In this study, we have shown that the recombinant Tap46 protein was phosphorylated in vitro by immunoprecipitated TOR and its derivatives, indicating that Tap46 may be a direct target of TOR kinase activities in plants ( Figures 6A to 6D) . Furthermore, cellular PP2A activities were similarly modulated in Tap46 and TOR RNAi plants upon RNAi induction ( Figures 5A and 5B ). In addition, Tap46-and TORsilenced plants both exhibited repressed translation activities and activated autophagy and nitrogen recycling processes in the early stages of gene silencing (Figures 7 to 9) , consistent with the previous phenotypes of TOR inactivation or TOR deficiency in Arabidopsis, yeast, and mammals. Taken together, these results suggest that Tap46 is a critical mediator of the TOR pathway in the regulation of diverse metabolic processes in plants ( Figure  11C ). Tap46 has multiple phosphatase partners and is a major regulator of cellular PP2A activities in a plant cell. Deciphering the molecular networks of Tap46 activity and interaction is essential for understanding the mechanisms underlying its multiple functions.
METHODS
VIGS
The Nb Tap46 cDNA fragments were PCR amplified and cloned into the pTV00 vector containing part of the TRV genome using the following Nb Tap46-specific primers: NbTap46-F, NbTap46-N, NbTap46-C, and NbTap46-UTR. For VIGS of NPP5, Nb TOR, and NR2, the corresponding cDNA fragments were PCR amplified with the primers NPP5-UTR, NPP5-F, NbTOR-C1, and NR2 before cloning into the pTV00 vector (see Supplemental Table 1 online) . VIGS was performed as described Lee et al., 2009a) .
RT-PCR Analysis
RT-PCR was performed with RNA isolated from the fourth leaf above the infiltrated leaf with 15 to 35 cycles of amplification as described (Kim et al., 2003) . The appropriate number of cycles was determined empirically for each template-primer pair so that amplification was in the exponential range and had not reached a plateau. The endogenous Nb Tap46 transcript was detected using NbTap46-N, NbTap46-C, and NbTap46-UTR primers. To detect gene silencing of NPP5 and NR2, NPP5-UTR and NR2-F primers were used, respectively (see Supplemental Table 1 online) . To detect PR1a, PR1c, PR2, PR5, HIN1, SAR8.2a, p69d, SGT1, RAR1, SKP1, NTH15, NTH20 , and NTH23 transcripts, the primers were designed based on the published Nicotiana benthamiana and tobacco (Nicotiana tabacum) cDNA sequences as described (Kim et al., 2003 . To measure the transcript levels, the following primers were used: NPP4, NPP5, N. benthamiana actin, PP2A-2, PP2A-4, and b-tubulin (see Supplemental Table 1 online) .
Real-Time Quantitative RT-PCR
Real-time quantitative RT-PCR was performed as described (Lee et al., 2009a) . To analyze the relative abundance of transcripts using quantitative RT-PCR, 1 mg of total RNA was reverse transcribed for 50 min at 428C in a 20-mL reaction volume using the High Fidelity SuperScript III RT-PCR kit (Invitrogen) according to the manufacturer's instructions. Gene-specific PCR primers were designed using a stringent set of criteria, including a predicted melting temperature of 608C 6 58C, primer lengths of 20 to 24 nucleotides, guanine-cytosine content of 50 to 60%, and PCR amplicon lengths of 100 to 250 bp. Quantitative RT-PCR was performed in optical 96-well plates using Applied Biosystems 7300 Fast Real-Time PCR systems. Reactions were performed in a final volume of 20 mL containing 10 mL of 23 SYBR Green Master Mix, 0.5 mM of each primer, and 10 ng of cDNA. PCR conditions were as follows: 958C for 30 s, followed by 45 cycles of 958C for 5 s and 608C for 35 s. Fluorescence threshold data (Ct) was analyzed using A.B. 7300 system software (version 1.40) and then exported to Microsoft Excel for further analysis. Relative expression levels in each cDNA sample were normalized to a b-tubulin reference gene. PCR efficiencies (90 to 95%) for all primers were determined by serial dilution of cDNA from RNA samples. Real-time quantitative PCR was performed using the following primers: NbTap46-C2, NbTap46-N2, NbTOR, N. benthamiana b-tubulin, Tap46, TOR, b-tubulin, NII1 (nitrite reductase), NIA2 (nitrate reductase-2), GOGAT (glutamate synthase), GS1 (cytosolic glutamine synthetase), GS2 (chloroplastic glutamine synthetase), and GDH (glutamate dehydrogenase) (see Supplemental  Table 1 online).
Flow Cytometry
Flow cytometry was performed as described using the fourth leaf above the infiltrated leaf of the VIGS plants (Lee et al., 2009a) .
Yeast Two-Hybrid Assay
The Matchmaker LexA two-hybrid system (Clontech) was used for yeast two-hybrid assay. The bait plasmid was constructed in pLexA with the coding region of Nb Tap46 or Arabidopsis Tap46. The prey plasmid was constructed in pB42AD plasmid using various phosphatase cDNAs. b-Galactosidase activity levels were determined according to the manufacturer's manual (Clontech). Three separate colonies were assayed for each construct. b-Galactosidase activity was determined as the OD 420 per hour.
BiFC
The Nb Tap46 coding region was PCR amplified and cloned into the pSPYNE vector containing the N-terminal region of YFP (amino acid residues 1 to 155), resulting in pSPYNE-Nb-Tap46. Similarly, NPP1, NPP4, and NPP5 cDNAs were cloned into pSPYCE vector containing the C-terminal region of YFP (residues 156 to 239), resulting in pSPYCE-NPP1, pSPYCE-NPP4, and pSPYCE-NPP5. The pSPYNE and pSPYCE fusion constructs were agroinfiltrated together into the leaves of 3-weekold N. benthamiana plants as described (Walter et al., 2004) . After 48 h, Tap46 Function in Plantsprotoplasts were generated, and YFP signal was detected using a confocal microsope (Zeiss LSM510). These experiments were performed as described previously .
Measurement of in
Deoxynucleotidyl Transferase-Mediated TUNEL Assay
Leaves from the Tap46 RNAi Arabidopsis plants were fixed and treated with DNase-free RNase A (30 mg/mL; Promega) and Proteinase K (20 mg/mL) for 5 min before TUNEL assay. TUNEL assay was performed according the manufacturer's manual (Promega) and counterstained with DAPI solution (0.1 mg/mL DAPI, 50 mM NaCl, 5 mM EDTA, 10 mM mercaptoethylamine, and 10 mM Tris-HCl, pH 7.4) for 5 to 10 min before examination with confocal microscopy (Zeiss LSM510). For a positive control, leaves from the ethanol-treated RNAi plants (2DEX) were treated with RQ1 RNase-Free DNase (Promega) for 15 min at 378C before TUNEL assay according the manual (Promega).
Lysotracker Staining, MDC Staining, and GFP:ATG8e Expression For LTR staining, leaf protoplasts isolated from various VIGS and RNAi plants were stained with 1 mM LTR (Molecular Probes) and kept for 1 min in darkness before visualization with confocal microscopy (Zeiss LSM510) as described (Liu et al., 2005) . MDC staining was performed as described (Contento et al., 2005) . Quantification of LTR and MDC fluorescence indicative of autophagy activity was performed using confocal microscopy.
The GFP:ATG8e fusion construct between GFP and Arabidopsis ATG8e under the control of the cauliflower mosaic virus 35S promoter was generated as described (Contento et al., 2005) . Agrobacterial cultures (C58C1) containing the GFP:ATG8e construct were infiltrated into leaves of VIGS plants for transient expression. Protoplasts were prepared from the infiltrated leaves at 48 h after infiltration, and localization of the GFP fluorescence was examined using confocal microscopy.
Histochemical Analyses
Tissue sectioning, light microscopy, and transmission electron microscopy were performed using the fourth or fifth leaf above the infiltrated leaf of the VIGS lines as described by Ahn et al. (2004) .
Coimmunopreciptation of Tap46 with Protein Phosphatases
HA-tagged Tap46 constructs and various phosphatase-Flag fusion constructs were coexpressed in N. benthamiana leaves by agroinfiltration. After 48-h incubation, leaf extracts were prepared in 300 mL immunoprecipitation buffer (25 mM Tris, pH 7.5, 150 mM NaCl, 1 mM DTT, 1 mM CaCl 2 , 5 mM NaF, 25 mM Na 3 VO 4 , 1 mM PMSF, 25 mM glycerophosphate, protease inhibitor cocktail, 0.1% Triton X-100, and 0.5% Nonidet P-40). After brief centrifugation to remove cell debris, protein extracts (1 mg) were incubated with 1 mg of monoclonal mouse anti-HA antibody (ABM; IP grade) at 48C for overnight, and then 25 mL packed volume of Protein A-agarose resin (Pharmacia) was added to the mixture for further incubation at 48C for 4 h. After brief centrifugation, the resin was washed three times with immunoprecipitation buffer and then resuspended in 23 SDS sample buffer. After boiling, the resin was precipitated by brief centrifugation, and the supernatant was run on 10% SDS-PAGE. Immunoblotting was performed using the monoclonal anti-Flag antibody (Sigma-Aldrich; 1:5000) and monoclonal anti-HA antibody (ABM; 1:2500).
Ribosome Profiling
Ribosomes were isolated from N. benthamiana leaves and tobacco BY-2 cells as described by Williams et al. (2003) with minor modifications. Frozen tissues were homogenized in 2 mL PEB per mL of tissue (PEB: 200 mM Tris-HCl, pH 9.0, 200 mM KCl, 25 mM EGTA, 36 mM MgCl 2 , 5 mM DTT, 50 mg/mL cycloheximide, 50 mg/mL chloramphenicol, 0.5 mg/mL heparin, 1% Triton X-100, 1% Tween 20, 1% Brij-35, 1% deoxycholic acid, 1% Igepal CA-630, and 2% polyoxyethylene). Cell debris was removed by centrifugation at 16,000g for 15 min at 48C, and the supernatant was loaded onto an 8 mL 1.6 M sucrose cushion and centrifuged at 170,000g for 18 h. Pellets were resuspended in 700 mL R buffer (200 mM Tris-HCl, pH 9.0, 200 mM KCl, 25 mM EGTA, 36 mM MgCl 2 , 5 mM DTT, 50 mg/mL cycloheximide, and 50 mg/mL chloramphenicol) and incubated at 48C for 1 h as described (Zanetti et al., 2005) . The ribosomes were layered onto an 11-mL 20 to 60% sucrose gradient and centrifuged at 170,000g for 3 h at 48C, and the light absorbance of each fraction at 254 nm was measured using a fraction collection system.
Incorporation of 35 S-Labeled Met
Using 35 S-labeled Met, newly synthesized proteins were detected as described (Lageix et al., 2008) . Seven-day-old Arabidopsis thaliana seedlings of Tap46 RNAi lines were transferred to media with ethanol or DEX (10 mM) for further growth for 3 d. Then the seedlings were transferred to 1 mL of MS medium containing 50 mCi of 35 S-labeled Met with ethanol (2DEX) or DEX (+DEX). After two washes with MS medium containing ethanol or DEX, total proteins were extracted and subjected to SDS-PAGE. Protein gels were dried, and the 35 S-labeled proteins were detected by autoradiography using a phosphor imager (Bio-Rad). A duplicate gel was stained with Coomassie Brilliant Blue.
Immunoprecipitation and in Vitro Kinase Assay of Arabidopsis TOR Kinase
The full-length Arabidopsis TOR:Flag construct was transfected into HEK293 cells as described (Lee et al., 2009b) . The cells were rinsed once with ice-cold PBS and lysed in ice-cold lysis buffer (40 mM HEPES, pH 7.4, 10 mM glycerophosphate, 10 mM pyrophosphate, 2 mM EDTA, 0.3% CHAPS, and one tablet of EDTA-free protease inhibitors per 25 mL). The cell lysate was centrifuged at 13,000 rpm for 10 min in a microcentrifuge to obtain the supernatant. For immunoprecipitation, the lysate was incubated with monoclonal mouse anti-Flag antibody (ABM; IP grade) for 1.5 h at 48C with rotation. A 50% slurry of Protein A-Sepharose (60 mL) was then added, and the incubation continued for an additional 1 h. Immunoprecipitates were washed three times with low-salt wash buffer (25 mM HEPES, pH 7.4, and 50 mM KCl). After addition of 20 mL of sample buffer and boiling for 5 min, immunoprecipitated proteins were resolved by 8% SDS-PAGE and subjected to immunoblotting as described (Kim et al., 2002) .
The Myc-tagged TOR-C (residue numbers 1553 to 2454), Flag-tagged TOR-KD (residue numbers 2041 to 2454), and Myc-tagged PI3K were expressed in N. benthamiana leaves by agroinfiltration. After a 48-h incubation, TOR-C:Myc, TOR-KD:Flag, and PI3K:Myc were immunoprecipitated using anti-Myc (ABM) or anti-Flag antibodies (Sigma-Aldrich) as described above.
The immunoprecipitates of full-length TOR and TOR deletion forms were washed three times in low-salt wash buffer and then washed twice in 25 mM HEPES, pH 7.4, and 20 mM potassium chloride. In vitro kinase assays were performed for 20 min at 308C in a final volume of 15 mL consisting of TOR kinase buffer (25 mM HEPES, pH 7.4, 50 mM KCl, 10 mM MgCl 2 , 100 mM cold ATP, and 0.1 mCi [g-32 P]ATP) and purified Tap46:His protein (150 ng) as a substrate as described previously (Mahfouz et al., 2006) . Reactions were stopped by the addition of 5-mL sample buffer and boiling for 5 min and analyzed by SDS-PAGE and autoradiography.
Immunofluorescence
Preparation of BY-2 cells and immunofluorescence were performed as described (Sasabe et al., 2006; Lee et al., 2009a) . For labeling of a-tubulin, fixed and permeabilized BY-2 cells were immunolabeled with 1:1000 dilution of anti-a-tubulin (IgG2a) antibodies (DM1A; SigmaAldrich) and then incubated with 1:1000 dilution of IgG2a-specific Alexa Fluor 488-conjugated anti-mouse IgG antibodies (Molecular Probes) before staining with 0.2 mg/mL DAPI. The cells were observed under a confocal laser scanning microscope (Carl Zeiss LSM 510) with optical filters BP505-530 (excitation, 488 nm; emission, 525 nm) and BP420-480 (excitation, 405 nm; emission, 461 nm) for Alexa Fluor 488 and DAPI, respectively.
Immunofluorescence labeling of Arabidopsis root tips was performed as described by Kawamura et al. (2006) with minor modifications. For labeling of a-tubulin, fixed and permeabilized root cells were immunolabeled with 1:1000 dilution of anti-a-tubulin (IgG2a) antibodies (DM1A; Sigma-Aldrich) and then incubated with 1:1000 dilution of IgG2a-specific Alexa Fluor 488-conjugated anti-mouse IgG antibodies (Molecular Probes) before staining with 0.2 mg/mL DAPI for 10 min. After washing with PBS, the root tips were mounted and observed under a confocal laser scanning microscope.
Immunoblot Analysis
Proteins were extracted from yeast cells using the trichloroacetic acid precipitation method following the manufacturer's instruction (Clontech). Protein extracts (30 mg) were subjected to SDS-PAGE and transferred to Immobilon-P membrane (Millipore). Immunoblotting was performed with monoclonal mouse antibodies against the LexA DNA binding (LexA-DB) domain (1:1000 dilution; Santa Cruz Biotechnology), the HA tag (1:10,000 dilution; ABM), the V5 tag (1:10,000 dilution; Invitrogen), or mammalian a-tubulin (1:1000 dilution; Sigma-Aldrich) and then with horseradish peroxidase-conjugated goat anti-mouse IgG antibodies (1:5000 dilution; Invitrogen). Signals were detected using an ECL chemiluminescence kit (Amersham Pharmacia) on Kodak x-ray films.
Leaf protein extracts were prepared with extraction buffer (20 mM Tris-HCl, pH 7.5, 10 mM EDTA, 150 mM NaCl, 0.5% Triton X-100, and protease inhibitor cocktail), and protein concentrations in the extracts were measured by the Protein Assay Kit (Bio-Rad). Protein extracts (30 mg) were subjected to SDS-PAGE and transferred to Immobilon-P membranes in transfer buffer (10 mM Tris, 192 mM glycine, and 20% methanol). Membrane preparation and immunoblotting were performed according to the manufacturer's instructions using monoclonal mouse antibodies against the HA tag (1:10,000 dilution; ABM), Myc tag (1:10,000; ABM), and PP2A catalytic subunit (1:1000; Cell Signaling) and then with horseradish peroxidase-conjugated goat anti-mouse IgG antibodies and the ECL chemiluminescence kit for detection.
Protein Phosphatase 2A Assay N. benthamiana leaves or Arabidopsis seedlings were ground in liquid nitrogen and homogenized for 1 min in ice-cold sample buffer (50 mM Tris-HCl, pH 7.5, 1 mM EGTA, 0.02% b-mercaptoethanol, and one protease inhibitor cocktail tablet per 10 mL). Cell debris were removed by filtration through Miracloth (Calbiochem), followed by centrifugation at 2000g for 10 min. The supernatant was centrifuged at 100,000g at 48C for 1 h, and protein phosphatase 2A activity of the leaf extract was measured by the Ser/Thr phosphatase assay system (Promega) using the phosphopeptide RRA(pT)VA and an assay condition for PP2A according to the manufacturer's instructions.
NR Assay
N. benthamiana VIGS plants were treated with 2 mM KNO 3 as described (Hirano et al., 2007) , starting at 7 DAI. NR assay was performed as described (Hageman and Reed, 1980; Rockel et al., 2002) .
Agrobacterium tumefaciens-Mediated Transient Expression
Agroinfiltration was performed as described (Voinnet et al., 2003) . In all experiments, Agrobacterium C58C1 carrying the 35S:p19 construct (Voinnet et al., 2003) was coinfiltrated to achieve maximum levels of protein expression. Expressed proteins were analyzed at 48 h after infiltration.
Generation of DEX-Inducible Tap46 RNAi Lines in Arabidopsis
A 623-bp Tap46 cDNA fragment was PCR amplified using primers 59-CTCGAGGTGGTAAATTAGTCAGATTT-39 and 59-ATCGATTGCTT-TAGTGGAACGTCCAC-39 containing XhoI and ClaI sites for the sense construct, and primers 59-GGATCCGTGGTAAATTAGTCAGATTT-39 and 59-ACTAGTTGCTTTAGTGGAACGTCCAC-39 containing BamHI and SpeI sites for the antisense construct. Sense and antisense constructs of the 623-bp cDNA regions were cloned into the 59 and 39 arms of the intron in the pSK-int vector (Guo et al., 2003) to produce an inverted-repeat sequence (antisense-intron-sense), which was isolated by digestion with XhoI and SpeI, and cloned into the binary vector pTA7002 (Aoyama and Chua, 1997) . The recombinant plasmid containing the Tap46 RNAi construct was introduced into Agrobacterium (C58C1) and transformed into Arabidopsis using Agrobacterium-mediated transformation. Transgenic plants were selected on growth media containing hygromycin (30 mg/L). For induction of RNAi, DEX (Sigma-Aldrich) was added to the medium to a final concentration of 10 mM in ethanol (0.033%) and Tween 20 (0.01% w/v) from 30 mM stock solution.
Generation of DEX-Inducible Nb Tap46 RNAi Lines in BY-2 Cells
A 600-bp Nb Tap46 cDNA fragment corresponding to the N-terminal coding region was PCR amplified using primers and containing XhoI and SalI sites for the sense construct, and primers containing SpeI and PstI sites for the antisense construct. The recombinant pTA7002 plasmid containing the Nb Tap46 RNAi construct was introduced into Agrobacterium and transformed into tobacco BY-2 cells using Agrobacteriummediated transformation (Nakashima et al., 2000) . Transgenic BY-2 cells were selected on media containing hygromycin (50 mg/L) and maintained at 258C in the dark with weekly subculture in modified Linsmaier and Skoog medium (Banno et al., 1993) containing hygromycin (50 mg/L). For induction of RNAi, DEX was added to the medium to a final concentration of 15 mM from 30 mM stock solution.
Analyses of the TOR RNAi Arabidopsis Lines
We obtained the seeds of the constitutive TOR RNAi (Columbia-0 ecotype) and ethanol-inducible TOR RNAi Arabidopsis lines (Landsberg erecta ecotype) from Cristian Meyer (Institut National de la Recherche Agronomique, Versailles, France). Experimental procedures for the RNAi constructs and plant transformation were described in detail by Deprost et al. (2007) . Briefly, for the constitutive TOR RNAi lines, a 300-bp TOR cDNA fragment was cloned in two opposite orientations into the pHAN-NIBAL vector under the control of the 35S promoter, and the resulting construct was cloned into the pART27 binary vector, followed by transformation into Agrobacterium strain C58PM. For the ethanol-inducible TOR RNAi lines, a 190-bp TOR cDNA fragment was cloned in two opposite orientations into the modified pHANNIBAL vector, in which the 35S promoter was replaced by the alcA promoter. The alcA:TOR RNAi construct was cloned into the pEC2 binary vector and transformed into Agrobacterium. For induction of RNAi in the ethanol-inducible TOR RNAi lines in this study, the plants were grown for 10 d in MS media and then transferred to medium containing 50 mM ethanol for further growth for 3 or 7 d. When wild-type Arabidopsis plants (Landsberg erecta ecotype) were treated in the same way, they showed no visible phenotypes.
Measurement of Free Amino Acid Contents
Fourteen-day-old seedlings were further grown for 3 d with ethanol or DEX (10 mM). The seedlings were ground in liquid nitrogen, and the powder was resuspended in 0.1 M Tris-HCl buffer, pH 7.5. After centrifugation, the supernatant was freeze-dried. During the redry step, 10 mL of redry solution (methanol:1 M sodium acetate:trimethylamine = 2:2:1) was added to the freeze-dried samples, and the whole mixture was vortexed and vacuum dried. During the coupling step, 20 mL of derivatizing solution (methanol:water: trimethylamine:phenyl isothiocyanate = 7:1:1:1) was added to the dried samples, vortexed, incubated at room temperature for 30 min, and then vacuum dried. The samples were dissolved with 200 mL of A solvent (1.4 mM sodium acetate, 0.1% trimethylamine, and 6% CH 3 CN, pH 6.1), filtered through 0.45-mm filter (Millipore), and centrifuged. Aliquots of the supernatant were applied to HPLC (Hewlett Packard 1100 Series) with measurement of light absorbance at 254 nm. The peak area of the HPLC chromatogram was measured and compared with internal standard to calculate the concentration of each amino acid in the sample, and then the values were combined to calculate the total concentration of free amino acids. Ratio of Gln to total free amino acids was given as a percentage.
Statistical Analyses
Two-tailed Student's t tests were performed using the Minitab 15 program to investigate the statistical differences between the responses of the samples. Significant differences between control and other samples were indicated by one (P # 0.05) or two (P # 0.01) asterisks.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: Nb Tap46 (ACZ65511), a4 (0CAA70119), Tap42 (AAC49396), Tap46 (NP_568783), Os Tap46 (NP_001066109), ATG8e (At2g45170), NR2 (AB245431) b-tubulin (At5g12250), NII1 (At2g15620), NIA2 (At1g37130), GOGAT (AT5G04140), GS1 (AT5G376000), GS2 (At5g35630), and GDH (At5g18170).
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